1 Introduction
==============

We are currently faced with a potential global epidemic of a new coronavirus that has infected thousands of people in China and is spreading rapidly around the world. In the end of January 2020, the WHO has declared it a global emergency ([@btaa145-B15]). The novel coronavirus (SARS-CoV-2), first isolated in Wuhan, China, has already caused more infections than the previous severe acute respiratory syndrome (SARS) outbreak of 2002 and 2003. The virus is a SARS-related coronavirus (SARSr-CoV), and it is genetically associated with SARSr-CoV strains that infect bats in China ([@btaa145-B9]; [@btaa145-B16]). It causes severe respiratory illness, which the WHO recently named COVID-19 disease. It has high fatality rate ([@btaa145-B6]), can be transmitted from person to person, has infected over 70 000 individuals and has spread to over 30 countries in less than 2 months ([@btaa145-B15]).

This coronavirus outbreak has been unprecedented; so too is the way that the scientific community has responded to it. They have openly and rapidly shared genomic and clinical data as never seen before allowing research results to be released almost instantaneously. This has helped the understanding of the transmission dynamics, the development of rapid diagnostic and has informed public health response. Here, we present a new contribution that can speed up this communal effort. The Genome Detective Coronavirus Typing Tool is a free-of-charge web-based bioinformatics pipeline that can accurately and quickly identify, assemble and classify coronaviruses genomes. The tool also identifies changes at nucleotides, coding regions and proteins using a novel dynamic aligner to allow tracking new viral mutations ([Fig. 1](#btaa145-F1){ref-type="fig"}).

![Genome Detective Coronavirus Typing Tool assembles genomes from next-generation sequencing (NGS) in FASTAQ format or assembled genomes in FASTA format. A user can submit up to 1 Gb of NGS data or 2000 assembled genomic sequences. For each assembled genomic sequence, the tool identifies the virus species, constructs a phylogenetic tree and identifies phylogenetic clusters, which includes the novel coronavirus identified in Wuhan, China in 2019 (SARS-CoV-2). The tool identifies changes at nucleotides, coding regions and proteins using a novel dynamic aligner and display all of the mutations in detailed tables and reports](btaa145f1){#btaa145-F1}

![Output from Genome Detective Coronavirus Typing Tool showing: (**A**) SARS-CoV-2 complete genome map. Top bar represents the genome (nucleotide positions 1 to 29 903). Bottom segments represent the open reading frames (ORFs). (**B**) Amino-acid alignment of the spike protein highlighting a four amino acid insertion (PRRA), which creates a new polybase cleavage site (RRAR) for SARS-CoV-2. Amino acid (aa) alignment is compared with four-related coronaviruses. The tool also calculates the percentage aa identities with reference to SARS-CoV-2 as shown here for the complete (1274 aa) spike protein](btaa145f2){#btaa145-F2}

2 Systems and methods
=====================

A reference dataset of previously published coronavirus whole-genome sequences (WGS) was compiled from the Virus Pathogen Resource (VIPR) database ([www.viprbrc.org](http://www.viprbrc.org)). This dataset consisted of 386 WGS of nine important coronavirus species. These included 132 sequences of Severe Acute Respiratory Syndrome related Coronavirus (SARSr-CoV), 121 sequences of Beta coronavirus, 97 sequences of Middle East Respiratory Syndrome related Coronavirus (MERSr-CoV), 19 sequences of Human Coronavirus HKU1, 9 sequences of Murine Hepatitis Virus, 4 of Rousettus Bat Coronavirus HKU9, 3 of Rat Coronavirus and 1 WGS of Tylonycteris Bat Coronavirus HKU4, Zaria_bat_coronavirus and Longquan Rl Rat coronavirus. To this reference dataset, we added 47 whole genomes of the current Coronavirus 2019 (SARS-CoV-2) outbreak that originated in Wuhan, China, in December 2019. The SARS-CoV-2 sequences were downloaded from the GISAID database (<https://www.gisaid.org>) together with annotation of its original location, collection date and originating and submitting laboratory. The SARS-CoV-2 data generators are properly acknowledged in the acknowledgements section of this article and detailed information is provided in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

The 431 reference WGS were aligned with MUSCLE ([@btaa145-B2]). The alignment was manually edited until a codon alignment was attained in all coding sequences (CDS). A maximum likelihood phylogenetic tree, 1000 bootstrap replicates were constructed in PhyML ([@btaa145-B5]; [@btaa145-B8]) and a Bayesian tree using MrBayes ([@btaa145-B11]) were constructed. The trees were visualized in Figtree ([@btaa145-B10]). We selected 25 reference sequences that represent the diversity of each well-defined phylogenetic cluster (with bootstrap support of 100% and posterior probability of 1). We identified five well-supported phylogenetic clusters with more than two sequences of SARSr-CoV and used them to set up our automated phylogenetic classification tool. Cluster 1 included SARS strains from the 2002 and 2003 Asian outbreaks. In our tool, we named this cluster *SARS-CoV Outbreak 2000s but may rename it as SARS-CoV-1 if a new proposed naming system for SARSr-Cov is adopted in the near future*. Cluster 2 (provisionally named as *SARS related CoV*) includes seven sequences from bats which did not cause large human outbreaks. Cluster 3 (named as *Bat SARS-CoV HKU3*) includes three WGS sampled from *Rhinolophus sinicus* (i.e. Chinese rufous horseshoe bats). Cluster 4 (*Bat SARS-CoV ZXC21/ZC45*) includes two SARSr-CoV sampled from *Rhinolophus sinicus* bats in Zhoushan, China. Cluster 5 (virus named *SARS-CoV-2 by the ICTV committee and disease named COVID-19 by the WHO*) includes three public sequences from the outbreak. We identified this cluster with many sequences from GISAID but kept only three ones as these were the first GenBank sequences. The first whole genome of SARS-CoV-2 was kindly shared by Prof. Yong-Zhen Zhang and colleagues in the virological.org website. Detailed information about the phylogenetic reference datasets is available in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}.

The phylogenetic reference dataset was used to create an automated Coronavirus Typing Tool using the Genome Detective framework ([@btaa145-B3]; [@btaa145-B14]). To determine the accuracy of this tool, each of the 431 test WGS was considered for evaluation (i.e. 384 reference sequences from VIPR and 47 public SARS-CoV-2 sequences). The sensitivity, specificity and accuracy of our method were calculated for both species assignment and phylogenetic clustering of SARSr-CoV. Sensitivity was computed by the formula$~\frac{TP}{TP + FN}$, specificity by $\frac{TN}{TN + FP}$ and accuracy by $\frac{TP + TN}{TP + FP + FN + TN}$, where TP = True Positives, FP = False Positives, TN = True Negatives and FN = False Negatives.

Classifying query sequences in an automated fashion involves two steps. The first step enables virus species assignments and the second, which is restricted to SARSr-CoV, includes phylogenetic analysis. The first classification analysis subjects a query sequence to BLAST and AGA analysis. AGA is a novel alignment method for nucleic acid sequences against annotated genomes from NCBI RefSeq Virus Database. AGA ([@btaa145-B1]) expands the optimal alignment algorithms of [@btaa145-B12] and [@btaa145-B4] based on an induction state with additional parameters. The result is a more accurate aligner, as it takes into account both nucleotide and protein scores and identifies all of the polymorphisms at nucleotide and amino acid levels. In the second step, a query sequence is aligned against the phylogenetic reference dataset using -add alignment option in the MAFFT software ([@btaa145-B7]). In addition, a Neighbor-Joining phylogenetic tree is constructed using the HKY distance metric with gamma among-site rate variation with 1000 bootstrap replicates using PAUP\* ([@btaa145-B13]). The query sequence is assigned to a particular phylogenetic cluster if it clusters monophyletically with that clade or a subset of it with bootstrap support \>70%. If the bootstrap support is \<70%, the genotype is reported to be unassigned.

The result of the phylogenetic and mutational analysis performed by AGA is available in a detailed report. This report contains an interactive phylogenetic tree and genome mapper ([Supplementary Fig. S1](#sup1){ref-type="supplementary-material"}). It also presents the virus species and cluster assignments and a detailed table that provides information about open reading frames (ORFs), CDS and proteins. This table can be expanded to show nucleotide and amino acid mutations that differentiate a query sequence from their species RefSeq or from a sequence in the phylogenetic reference dataset. All results can be exported to a variety of file formats (XML, CSV, Excel, Nexus or FASTA).

3 Testing and validation
========================

The Genome Detective Coronavirus Typing Tool correctly classified all of the 175 SARSr-CoV sequences at species level, i.e. specificity, sensitivity and accuracy of 100%. Furthermore, all of the 47 SARS-CoV-2 WGS that were isolated in China (*n* = 36), USA (*n* = 5), France (*n* = 2), Thailand (*n* = 2), Japan (*n* = 1) and Taiwan (*n* = 1) were correctly classified at phylogenetic cluster level as SARS-CoV-2, which may be renamed as SARS-B. In addition, we classified with very high specificity, sensitivity and accuracy (i.e. 100%) all of the 112 SARS outbreak WGS of 2002 and 2003. We also achieved perfect classification (i.e. specificity, sensitivity and accuracy of 100%) for all of Beta coronavirus, Human_coronavirus_HKU1, MERS-CoV, Rousettus Bat coronavirus HKU9 and Tylonycteris_bat_coronavirus_HKU4 at species level. For a detailed overview of assignment performance, please refer to the [Supplementary Table S3](#sup1){ref-type="supplementary-material"}.

Our tool also allows detailed analysis of coding regions and proteins for each of the coronavirus species. For example, the analysis of the first released SARS-CoV-2 sequence, the WH_Human1_China_2019Dec (GenBank: [MN908947](MN908947)) demonstrated at genome level, the nucleotide (NT) identity was 79.0% to the reference strain of SARSr-CoV (ACCESSION: NC_004718.3) and that the Envelop Small Membrane Protein (protein E) is the most similar protein. In total, 94.8% (73/77) of the amino acids were identical; the four amino acid differences were located at positions 55 (T55S), 56 (V56F), 69 (69deletion) and 70 (G70R). The spike protein (protein S), which can be associated with virulence, was 76.2% identical to the reference strain of SARSr-CoV ([Supplementary Table S4A](#sup1){ref-type="supplementary-material"}). Interestingly, there were four amino acid insertions at position 237 (A237_F238insHRSY, genome NT position 22202_22203insCATAGAAGTTAT), which is just upstream from a cleavage site. There is also a four amino acid insertion PRRA at the spike protein at positions 681 to 684. This is at the junction of S1 and S2 and creates a new polybase cleavage site. Our tool also allows us to compare mutations with other-related sequences, such as the Pangolin, Bat RaTG13, the *Bat SARS-CoV* and *SARS Sin940* ([Figure 2](#btaa145-F2){ref-type="fig"} and [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). The most diverse coding regions were the CDS Sars8a and Sars8b. In these two regions, only 30% of the amino acids were identical. Sars8b protein was truncated early and its CDS had four stop codons ([Supplementary Table S4A](#sup1){ref-type="supplementary-material"}).

Our Coronavirus Typing Tool also allows a query sequence to be analyzed against a sequence in the phylogenetic reference dataset. For example, the WH_Human1_China_2019Dec (GenBank: [MN908947](MN908947)) the identity was 87.5% to the Bat sequence bat_SL_CoVZXC21 (Genbank: [MG772934](MG772934)). This was one of the Bat-CoV sequences that were most related to n2019-CoV ([@btaa145-B9]). The Envelop Small Membrane Protein (protein E) was 100% identical ([Supplementary Table S4B](#sup1){ref-type="supplementary-material"}). When the SARS-CoV-2 isolated from France (BetaCoV/France/IDF0373/2020) was analyzed with our tool and compared with the SARS-CoV-2 WH_Human1_China_2019Dec strain (Accession: MN908947), this sequence was 99.9% identical and had only two NT mutations ([Supplementary Table S4C](#sup1){ref-type="supplementary-material"}). These two differences were located on positions: 22551G\>T and 26016G\>T, which caused three amino acid mutations (E2 glycoprotein Protein mutation: V354F (22551G\>T), sars3a protein mutations: G250V (26016G\>T) and sars3b protein mutations: V110F (26016G\>T) (detailed in [Supplementary Table S4C](#sup1){ref-type="supplementary-material"}-II). The analysis of a WGS in FASTA format takes approximately 60 s.

4 Discussion
============

We developed and released the Genome Detective Coronavirus Typing tool as a free-of-charge resource in the third week of January 2020 in order to help the rapid characterization of COVID-19 infections. This tool allows the analysis of whole or partial viral genomes within minutes. It accepts assembled genomes in FASTA format or raw next-generation sequencing data in FASTQ format from Illumina, Ion Torrent, PACBIO or Oxford Nanopore Technologies (ONT) can be submitted to the Genome Detective Virus Tool ([@btaa145-B14]) to automatically assemble the consensus genome prior to executing the Coronavirus Typing Tool. User effort is minimal, and a user can submit multiple FASTA sequences at once.

The tool uses a novel and dynamic aligner, AGA, to allow submitted sequences to be queried against reference genomes, using both nucleotide and amino acid similarity scores. This allows accurate identification of other coronavirus species and the tracking of new viral mutations as the outbreak expands globally. It also performs detailed analysis of the coding regions and proteins. Moreover, it can easily be updated to add new phylogenetic clusters if new outbreaks arise or if the classification nomenclature changes. The tool has been able to correctly classify all the recently released SARS-CoV-2 genomes, as well as all the 2002--2003 SARS outbreak sequences.

In conclusion, the Genome Detective Coronavirus Typing Tool is a web-based and user-friendly software application that allows the identification and characterization of novel coronavirus genomes.
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